Summary: The brain parenchyma of Salamandrella keyserlingii Dybowski (SKD) is not vascularized except in the olfactory bulb. In the brains of SKD, neuronal and glial perikarya are seen densely aggregated at the periventricular regions and no blood vessels enter the brain parenchyma from the meningeal vessels. Former investigators have discovered no blood vessels in the brains of nine species of salamanders in the Hynobiidae, all of which inhabit Japan. This report adds one more avascular species of salamander which is found in Hokkaido, Japan. The reasons why the brain of Hynobiid salamanders is not vascularized and why only the olfactory bulbs are vascularized cannot be speculated on at the present time.
It is the general understanding that the parenchyma of vertebrate central nervous systems have blood vessels and that oxygen and other nourishing substances in the blood capillaries maintain neurons and glial cells by their diffusion, although some of the substances cannot reach neurons because of the blood-brain barrier. Surprisingly, however, Tsuneki, Ouji, Akiyoshi & Ichihara (1985) have found that the brain parenchyma of three species of salamanders belonging to the Hynobiidae have no blood vessels, except in the olfactory bulb. Tsuneki & Ouji (1988) , thereafter, reported on the avascularized brains of six additional species of salamanders. Thus Tsuneki and his colleagues presumed that the absence of brain vascularization may be unique to hynobiid salamanders among vertebrates.
Salamandrella keyserlingii Dybowski (SKD), which is known to inhabit eastern Asia (Manchuria, Siberia, Sakhalin, the Kuril] Is. and Kamchatka) was first found in Japan in 1954, in a moist field in Kushiro district, in the easternmost part of Hokkaido. It was identified by Mikamo (1955) . Although some ecological observations have been made on the appearance, breeding and eating habits, no anatomical study had been performed until the present time.
This paper records observations on serially sectioned brains of SKD with special reference to vascularization. This is probably the first report on SKD brains and we believe that the accumulation of brain data of various species of salamanders will help to explain their phylogenetic and taxonomic characteristics, particularly from the viewpoint of brain vascularization among vertebrates.
Materials and Methods
Four male adult SKDs (total length, 10-11 cm) were caught in the breeding season in May, 1990, in a moist field in the Kushiro district of Hokkaido, the only known habitat in Japan. They were anesthetized with ether and then two SKDs were fixed in situ with 10% formalin and the other two with 2.5% glutaraldehyde. The brains were removed, fixed with formalin, embedded in paraffin and cut serially 6 tm thick at the transverse direction. The sections were stained with hematoxylin-eosin. Small pieces of appropriate portions of the brains were fixed with glutaraldehyde, refixed with 1% osmium tetroxide and embedded in epon according to the usual manner. One 1,11r1 sections were stained with toluidine blue buffered to pH 7.4 with borax.
Results
We made transverse serial sections of SKD brains from the olfactory bulb to the medulla oblongata, and observed the absence or presence of blood vessels in the brain parenchyma. The principal findings, which are illustrated in Figures 1 to 5 , may he summarized as follows. 3) The white matter of the outer region of the brain looks structureless under light microscopy. 4) In the medulla oblongata, myelinated fibres of small diameter are seen in the parenchyma. The tracts to which they belong were not identified. 5) Through all the sections examined, no blood vessels were seen in the brain parenchyma, except in the olfactory bulb (Figs. 2, 3 ) which is not separated from the hemispheres. Meningeal vessels are evident, but they never enter the parenchyma of the brain (Figs. 5, 6).
Discussion
It is common knowledge that vertebrate brain parenchyma demands high levels of oxygen and other nutrients, which are chiefly supplied by the intraparenchymal blood capillaries. In the few studies which have been done on the brains of hynobiid salamanders (Masai, Takatsuji & Shinozaki, 1980; Masai & Takatsuji, 1983) , nothing has been mentioned about the presence or absence of parenchymal blood vessels. On the other hand, Gillilan (1982) described capillary loopings which penetrated the brain parenchyma of the salamander (species unspecified) as was seen in the Necturus. In addition, according to comparative studies and the literature reviewed by Tsuneki et al. (1985) , all urodele families other than Hynobiidae possess vascularized brains. Thus the report of Tsuneki et al. (1985) surprised us very much in that the brains of three species of hynobiid salamanders belonging to the Hynobiidae (Hynobiu.s. nebulosus, H. naevius and H. kimurai) were not vascularized, except in the olfactory bulb. Tsuneki Ouji (1988) added identical observations on six species of primitive salamanders (Onychodactylus japonicus, Pachypalaminus boulengeri, Hynobius retardatus, H. nigrescens, H. okiensis and H. stejnegeri). These nine species of salamanders were all caught in various regions of Japan, from Hokkaido to Kyushu. Tsuneki Ouji (1988) speculated that all Japanese salamanders belonging to the Hynobiidae lack blood vessels in the bulk of the brain parenchyma, although seven other species, including SKD, had not then been studied. They concluded that, in the brains of these avascular species of salamanders, the materials essential for neuronal activity must diffuse either from the meningeal blood vessels or from the choroid plexus blood vessels. For comparison, Tsuneki et al. (1985) observed the brains of lesser sirens, Siren intermedia and found that the brain parenchyma was well vascularized.
Our observations on the SKD brain add new findings on the absence or presence of blood vessels in the salamander brain. In SKD, as in the other salamanders examined by Tsuneki and his colleagues (1985, 1988) , no blood vessels were found except in the olfactory bulb. Why do some species of salamander have no vessels in the bulk of the brain parenchyma? Why do they have blood vessels in only the olfactory bulb? Tsuneki et al. (1985) have proposed the 'thin parenchymal wall hypothesis' and the 'cold adaptation hypothesis'. They say that the parenchymal wall of the brain of hynobiid salamanders is relatively thin and this leads to the possibility of diffusion of oxygen from the meningeal blood vessels and/or cerebrospinal fluid. The second hypothesis is based on the habitat of Hynobiid salamanders, which are mainly distributed in northeastern Asia, so appear to be adapted to a rather cold climate and are inactive in the summer. However, as the advocates of the hypotheses stated, there is some controversy with respect to these hypotheses (Tsuneki et al., 1985) . The state of vascularization should not be related to climate, because of the very variable habitats of other salamander species. Also the reason for the presence of vessels in the olfactory bulb remains obscure. However, it might be of phylogenetic significance that the endocranial blood supply of the brain of Amblystoma is essentially similar to that of other urodeles and the meninges of the olfactory bulbs contain a very dense entanglement of vessels and the capillary net of this region is more closely meshed than in most other parts of the brain (Roofe, 1934) .
At any rate, one more species of salamander that has no blood vessels in the brain parenchyma is reported in this paper. Our results with light microscopy are almost identical to those reported in the nine other species of salamander (Tsuneki et al., 1985; Tsuneki Ouji, 1988) . In SKD brain as well, the neuronal and glial cell perikarya and their processes are considered to be nourished by diffusion from the meningeal vessels and/or cerebrospinal fluid originating in the choroid plexuses in the ventricular system. According to Naujoks-Manteuffel & Roth (1989), astroglial cells in the salamander brain (Salamandra salamandra) are identified as radial glial cells, forming endfeet on the subpial surface and on blood vessels in the brain parenchyma. Although we did not identify radial glial cell immunohistochemically in SKD, it is probable that radial glial cells exist. If they do, the nutrients from the meningeal vessels would easily be able to reach the neuronal perikarya. (Fig. 4) , neuronal and glial cell perikarya are compactly aggregated near the ventricle (v). No blood vessels are seen in any part of the brain, including the outer thick white matter (neuropil). Although rich vascularization (arrows) can be seen along the meninx, vessels never enter the brain parenchyma. np, neuropil. Paraffin-embedded, H-E stain. x75. Fig. 6 . Transverse section of the medulla oblongata. Ependyma (arrowhead) is seen in the upper side facing the fourth ventricle, and the ventral surface of the medulla is shown in the lower side. In the parenchyma of the medulla oblongata, there can be seen numerous myelinated fibres. Although many meningeal vessels can be seen (arrows), they never enter the brain parenchyma of the medulla oblongata. Epon-embedded. Toluidine blue stain. x258.
